This paper describes numerical analysis of the PHEBUS FP containment thermal-hydraulics. PHEBUS FP is an international project undertaken with the aim of evaluating the behavior of radioactive fission products released from a LWR pressure vessel into the containment vessel during a hypothetical severe accident. Six integral in-pile tests have been planned and are being carried out at Cadarache, France. The European Union, the United States, Canada, Korea and Japan are participating in this project. From Japan, the Nuclear Power Engineering Corporation and the Japan Atomic Energy Research Institute are collaborating the other parties involved in the project.
I. INTRODUCTION An international project , the PHEBUS Fission Project
Program('), is being carried out by the French Institute for Nuclear Safety and Protection (IPSN) at Cadarache t o evaluate the behavior of fission products (FPs) released from a light water reactor during a severe accident. Several institutes from the European Union, the United States, Canada, South Korea and Japan are participating in this project. The Nuclear Power Engineering Corporation (NUPEC) and the Japan Atomic Energy Research Institute (JAERI) from Japan are also collaborating the other parties involved in the project.
In the project, a series of six tests, FPTO-FPT5, is planned in the PHEBUS reactor located at Centre 
**
d'Etudes (CE), Cadarache. In these tests, the core, reactor cooling system and containment vessel are simulated by appropriately scaled-down experimental components. The representative nuclear fuel is used as a source of actual FPs. Each test is designed t o address a different aspect of a severe accident. In each test, the power will be raised in a bundle of twenty fuel rods plus a control rod t o beyond the point of fuel rod failure in a steam and hydrogen flow. Simulating a loss of coolant accident, the released FPs (vapors/aerosols) will be transported through circuit piping to a vessel simulating the dry containment of a PWR. The thermal-hydraulic and physical-chemical conditions are representative of the actual conditions as much as possible along the path of t,hese FPs.
The deposition rate of FPs is expected to depend strongly on the conditions in the containment vessel, such as gas mixture flow patterns, temperature distribution and relative humidity. The thermal-hydraulics investigation is therefore extremely important for analyzing the behavior of FPs in the containment. In order t o support the PHEBUS FP project, a thermal-hydraulic containment program has also been conducted. The containment vessel thermal-hydraulics were measured during steady-state benchmark tests and during the first in-pile test FPTO to understand the phenomena including transportation of steam-air-hydrogen mixtures and condensation under clearly defined boundary conditions. From these supporting tests, it was found that the characteristics of condensation heat transfer around cold structures in the presence of noncondensable gases play a key role in predicting the PHEBUS thermal-hydraulics, especially under the condition of a high noncondensable gas mass fraction. The reduction of condensation heat transfer due to the presence of noncondensable gases in the vapor is a critical consideration in the design of heat exchangers where such gases are present. Heat transfer coefficients may be so greatly diminished that the heat exchanger fails to perform its required function, even if the concentration of the noncondensable gases is very low. Many studies on condensation heat transfer in the presence of noncondensable gases have been reported for comparatively low noncondensable gas mass fraction condition. Sparrow et al.(Z)( 3) have studied laminar film condensation with free and forced convection on an isothermal plate by boundary layer analysis and by an integral method. They demonstrated that there is a significant additional thermal resistance on the vaporgas side associated with the mixed-composition boundary layer. Corradinic4) has presented a condensation model for forced and natural convection by extending the Reynolds-Colburn analogy for heat and momentum transfer to mass and momentum transfer. In his paper, he also presented correlations for Uchida steady-state data(5) and Tagami steady-state data, and compared his model with these data. Vierow and S~h r o c k (~) (~)
performed experiments regarding condensation inside a vertical tube, 2 . l m in length with an inside diameter of 22mm, and correlated the measured data to obtain a degradation factor (UCB corrclation), which is a function of the local vapor-air mixture Reynolds number and air mass fraction.
Studies focused on the condensation heat transfer under the condition of high noncondensable gas mass fraction are very few. Correlations of data presented by Uchida et al. have been used extensively in the nuclear industry to predict condensation rates inside containment structures, where noncondensable gas effects are important. The Uchida data were obtained for condensation from mixtures of steam and various noncondensable gases onto a vertical plate 140 mm wide and 300 mm high. The experiments were performed in a constant volume vessel initially filled with 0.1 MPa of noncondensable gas at ambient conditions. Unfortunately, it was found that the Uchida correlation can produce substantial error@). The correlation only works under conditions in which the bulk noncondensable gas pressure is around 0.1 MPa. It will significantly under-predict heat removal rates for bulk gas pressures above 0.1 MPa and over-predict heat removal rates for bulk gas pressures under 0.1 MPa.
This paper presents the numerical analysis results of the thermal-hydraulics benchmark tests and the FPTO test. To predict the PHEBUS containment thermal-hydraulics, a two-dimensional, single-phase, multi-component fluid flow analysis code, TFLOW-FP, has been newly developed. Many physical models, including a condensation heat transfer model, are incorporated into the code to solve the complicated phenomena in the PHEBUS containment vessel. The condensation heat transfer models mentioned above were also incorporated into the code to test their applicability. However, these models did not give good results. A new correlation for degradation of the condensation heat transfer coefficient due to the presence of noncondensable gases has been therefore developed and incorporated into the code in this study. Since the value for the condensation heat transfer coefficient is extremely larger than the convection heat transfer coefficients in general, the convection heat transfer is not so important and is frequently neglected in the current safety analysis codes. When the mass fraction of noncondensable gas is high, howevcr, the convection heat transfer rates cannot be neglected from the global heat transfer rate, because the value for the condensation heat transfer rate becomes the same order as the value for the convection heat transfer rate. The new degradation correlation was derived as a function of local noncondensable gas mass fraction by taking into account the convection effects. TFLOW-FP was applied to the steady-state benchmark tests at first to assess the code. Total pressures, bulk gas temperatures and relative humidities in the PHEBUS containment vessel were compared with the test results. Subsequently, the first in-pile test, FPTO was analyzed. The calculation covered a whole duration (about 7 hours) of the FPTO test and the results including the steam condensation rate were compared. 
PHEBUS CONTAINMENT VESSEL

OUTLINE OF THE CODE AND MODELING OF THE PHEBUS CONTAINMENT
The TFLOW-FP code has been developed as a part of this study for analyzing the PHEBUS containment thermal-hydraulics. The code is outlined below. The mass conservation equation for chemical species was added in the code to solve the behavior of gas mixing. The variable w k in Eq. ( 2 ) denotes the mass fraction of gas k. The last term of mass conservation equation, m,, and that of energy conservation equation, q:, were added to treat steam condensation. The terms representing momentum exchange between phases in the momentum equation were neglected since the condensation rate under the PHEBUS F P test condition was not so large and therefore the momentum exchange rate is negligibly small. A turbulence model is not included in the current version of TFLOW-FP because gas flow in the PHEBUS containment is laminar in almost all tests.
Basic Equations
Constitutive Equations and Auxiliary Equations
Many physical models are incorporated into the TFLOW-FP code, and the major models and conditions are listed below.
-Flow resistance correlations -Heat transfer coefficients of heated/cooled walls -Degradation factor correlation for steam condensation -The equations of state for air, steam and hydrogen -Physical properties of gases A flow resistance correlation is used to take into account the hydrodynamic resistance to the vapor-gas flow through the gaps between the condensers. Laminar natural and forced convection heat transfer correlations for the vertical plane with constant t e m p e r a t~r e (~) are employed to calculate the convection heat transfer rates on the vessel wall and the condenser surfaces. The model for the condensation heat transfer in the presence of noncondensable gases is important for prediction of relative humidity in the containment vessel. A degradation factor correlation has been therefore developed (see Chap. IV) and incorporated into the code. The gases are assumed to be ideal gases, so that the equations of state can be expressed as in the presence of noncondensable gases
where Pk represents the local partial pressure of gas k, &, the universal gas constant, W k , the local mass fraction of gas k, Mk, the molecular mass of gas k, T the local vapor-gas mixture temperature and Ptotal, the total pressure.
Numerical Models
-Coordinate system
Cart esian/cylindrical -Geometrical approximation Porous body method -Solution scheme
Modified SIMPLEST('O) -Discretization scheme in time 1st-order Euler scheme in space for momentum convection terms:
for energy convection-diffusion terms: 1st-order upwind or QUICK scheme(") Hybrid scheme (12) for other terms:
2nd-order central difference scheme -Matrix solver MICCG method(13) To reduce the CPU time, several factors were taken into consideration in developing TFLOW-FP. Numerous calculations for physical properties of air, steam and hydrogen are required in each time step to solve the behavior of gas mixing. In this code, all physical properties are calculated from fitting functions which are originally derived in this study from databases in data b0oks(14)(1~). Although the fitting functions are rather simple and require less CPU time, the maximum error estimated over the entire range of interest is less than 1%. Furthermore, the values of the gas mixture physical properties in each computational cell are fixed during each time step to reduce the number of numerical operations related to material properties. TFLOW-FP performs fluid dynamic calculations by marching in time using a fully implicit scheme, SIMPLEST. A steady-state solution is obtained by starting the calculation with an initial guess of the solution and continuing the marching-in-time process until the values of the dependent variables stop varying with time. SIMPLEST ensures unconditional numerical stability, and so the time step size is not limited by the Courant number criterion. Hence, a steady-state solution can be obtained rapidly by marching with an extremely large time step, e.g. 1 0~~s .
The porous body approximation has been adopted to model the condenser rods in the containment in the twodimensional, cylindrical coordinate system. Dynamics of the sump have been neglected in this study, and the sump water surface has been modeled simply as a free slip, adiabatic boundary condition.
IV. DEGRADATION FACTOR CORRELATION
The steam condensation heat t,ransfer plays a very important role in predicting atmospheric conditions in the containment vessel, especially the total pressure and relative humidity. In the PHEBUS tests, the steam mass fraction was low, because only a small amount of hot steam was injected into the "dry" containment. Before calculations of the actual tests, an analysis was made to estimate the thermal-hydraulic conditions in the containment vessel. The results showed that the maximum steam mass fraction was less than 0.4, the velocity of gas flow near the condensers was less than 0.5m/s and t.he Reynolds number for the condensate film on a wet condenser surface was less than 100. These results suggested that a model for laminar, gravity-controlled film condensation in the presence of noncondensable gases should be used.
Some of condensation models including the Uchida correlation proposed by C~r r a d i n i (~) were incorporated into TFLOW-FP and tested in the preliminary analysis, since correlations of data presented by Uchida et CLZ.(~) have been used extensively in the nuclear industry t o predict condensation rates inside containment structures, where noncondensable gas effects are important. However, none of them were found suitable for the PHEBUS containment analysis. This may be explained by the fact that most of the previous analyses or experiments focused on the condensation under the low noncondensable gas mass fraction conditions because the condensation heat transfer rate steeply decreases with increase of the noncondensable gas mass fraction, while the condensation in the PHEBUS containment vessel occurs at the high noncondensable gas mass fraction condition. Moreover, it was found that the Uchida correlation can produce substantial error and only works under conditions in which the bulk noncondensable gas pressure is around 0.1 MPa (8) . Figure 2 compares the degradation values obtained from the Uchida correlation and the UCB correlation (7) with Asano data (16) and PHEBUS data. The Asano data were obtained for a laminar condensate film and a vaporair flow along a vertical flat plate condenser. The data cover a wide range of noncondensable gas mass fraction and are suitable for the comparison. The PHEBUS data were estimated from the benchmark test results in this study. The estimation procedure will be described later. For detailed comparison, the data in the figure are plotted on a logarithmic scaIe. The Uchida correlation is illustrated in the figure as a solid line. This correlation shows a large deviation for X,, > 0.2, and is not applicable t o PHEBUS analysis. The UCB correlation, dotted line, gives 1.5-2.0 times larger values than the PHEBUS experimental values. This correlation is based mainly on data at low noncondensable gas mass fraction conditions and is known to have a significant uncertainty in the range of the PHEBUS data.
In this study, therefore, a new degradation factor correlation has been derived as a correction factor to pure steam condensation heat transfer by Nusselt, as follows.
The rate of energy transfer to the cold wall is given by the total heat flux q:bta, = Htotal(Tgas -T w a l l ) , where Htotal is the overall heat transfer coefficient, Tgas the bulk vapor-gas mixture temperature and Ti the gas/liquid interface temperature. Once condensation has begun, the interface temperature exceeds the cold wall temperature, Twall. The value Htotal is composed of two heat transfer resistances: the first due to energy transfer through the condensate film and the second due to energy transfer in the vapor-gas boundary layer, then
where Hfilm is the average heat transfer coefficient, for the flowing liquid film and Hgas the heat transfer coefficient in the vapor-gas mixture. For a laminar condensate film, Nusselt 's analysis yields(g)
where L is the vertical length of the cold wall and h f g the latent heat. Tsat is equal to the local saturated temperature at the interface, or T,.
On the other hand, the heat transfer coefficient in the vapor-gas boundary layer is composed of three contributions: convective heat transfer from the vapor-gas mixture t o the liquid film, condensation of the steam onto the liquid film and radiation heat transfer from the vapor-gas mixture. The radiation heat transfer can be neglected since the bulk temperature is relatively low during most anticipated containment accident sequences. Therefore,
Hgas
Hcond + H c o n v . ( 9 ) From the preliminary analysis results, the maximum values for Reynolds number, Regas = u,L/vgas and Grashof number, Grgas = L3gpITgas -Ti[/v,",, in the PHEBUS tests are approximately estimated as 2 x l o 5 and 4 x lo", respectively. Although the maximum value for the Grashof number is in the transition range, the laminar convective heat transfer between the vapor-gas mixture and the condensate film will be dominant under the PHEBUS test conditions. The average laminar convective heat transfer coefficient is given as for natural convection (11) where Prgas is the Prandtl number of vapor-gas mixture. The condensation heat transfer coefficient can be defined by the energy transferred to the liquid film by vapor transport through the vapor-gas layer
densable gases is defined as
where qf(lusselt is the heat flux for pure steam condensation and X,, the local mass fraction of noncondensable gases.
Once the values for qrOtal, Twall, Tgas, etc., are known from experiment, Ti, q:ond and therefore f ( X n c ) are easily obtained by using Eqs. ( 6 ) through (13) . The PHEBUS data shown in Figs. 2 and 3 were obtained in this procedure from the benchmark tests. The function f ( X n c ) should hold the following relations,
The simplest candidate of the function is a hyperbolic function. Asano data and the PHEBUS data, shown in Fig. 2 , are therefore correlated by a relationship of the form,
The final correlation obtained herein is as follows:
The non-dimensional function f ( X n c ) is a simple, continuous and differentiable function of noncondensable gas mass fraction, X,, (0 5 X,, 5 1). It may, therefore, be easily incorporated into numerical analysis programs. Figure 3 illustrates Eq. (16) together with the Asano data, the PHEBUS data and the 2D numerical results by Kim and Corradini(17) . Kim and Corradini performed a two-dimensional numerical calculation for turbulent vapor-air flow to predict the condensation heat transfer rate. They used the SIMPLER algorithm(12) to solve the two-dimensional continuity and conservation equations for the momentum, energy, concentration, turbulent kinetic energy and turbulence dissipation for vapor- To verify the new correlation, the UCB experiments(6) were analyzed and the results were compared with the correlation. The result is shown in Fig. 4 . The UCB data, the Asano data and the PHEBUS data were obtained under quite different experimental conditions. The Asano data were obtained from a laminar condensate film and vapor-air flow along a vertical flat plate condenser. The PHEBUS data were obtained from steadystate supporting tests in which film condensation occurred on the outer surface of condenser rods installed in the PHEBUS containment vessel. On the other hand, the UCB data were obtained from condensation experiments inside a tube with small inner diameter. However, the condensation heat transfer associated with or without noncondensable gas is a local phenomenon. If a correlation adequately accounts for effects of the primary local variables, the correlation should represent well the phenomenon independent of experimental geometry. Figure  4 shows that the new correlation agrees well with the and UCB data UCB data despite scatt,ering, and therefore it adequately captures the local effects and may have a wide applicability.
V. ANALYSIS OF THE STEADY-STATE BENCHMARK PROBLEMS
The PHEBUS benchmark exercise included four steady-state tests. In all four tests, the noncondensable gas was air at 20°C and pressure of 0.88 x 105Pa. Pure steam at a temperature of 150°C was injected at a constant rate. The test conditions are summarized in Table 1 Case-A6 Case-A1 0
Fig. 6 PHEBUS benchmark analysis results of steady-state flow vectors, temperature and relative humidity tours and relative humidity contours of the final solution for each case. The flow patterns are almost the same for all cases. The injected hot steam goes up to the top of the vessel, then spreads radially, and finally descends and condenses on the wet condenser surfaces. A large recirculating flow which flows downwards along the condenser rods and flows upwards along the vessel wall can be seen. The maximum velocity of the recirculating flow is less than 0.5m/s, as expected from the preliminary analysis described in Chap. IV. The temperature in the vessel is seen to be high in the central and upper regions due to the hot steam injection, and low near the condenser region. Weak but stable stratification is observed in the upper region. Temperature reduction along the condensers is seen to be less than 4OC. The humidity is high in the central region due to the pure steam flow. Figure 7 and Table 2 summarize t,he comparison results of the averaged gas temperature, total pressure and the averaged relative humidity between experiments and calculations. The averaged quantities are defined by volume average, such as, Y where ( P, is the value in the n-th cell, and Av, is the cell volume. Excellent agreement is observed in this figure, and therefore the adequacy of the modeling using the TFLOW-FP code, including the new degradation factor correlation of condensation in the presence of noncondensable gas, was verified. The CPU time for each run was about 4 minutes on the latest version of the DEC workstation 3000/M500.
VI. ANALYSIS OF THE FPTO TEST
The first test, FPTO, was planned to simulate the fuel bundle heat-up and subsequent degradation after a severe loss-of-coolant accident. Fresh fuel was used in this test and the bundle power and steam gas flow rate were strictly controlled during the test. As shown in The steam together with fission products was injected into the containment vessel and condensed on the surface of condenser rods installed in the vessel. The injection flow rate estimated by the ICARE2 code(1s) is shown in Fig. 9 . At around 12 x 103s, the steam flow rate decreased because of the steam participation in the clad oxidation chemical reaction and the resulting hydrogen generation made up for the steam decrease. Due t o the steam mass imbalance between inlet flow rate and condensation rate, total pressure and gas bulk temperature in the vessel increase with increase of the steam injection rate. Relative humidity in the vessel also increases with increase of the steam injection rate, and as a result, condensation rate on the condenser rods increases because of the increase in steam part,ial pressure.
The thermal-hydraulics in the PHEBUS containment vessel during FPTO were analyzed with the same computational grid as shown in Fig. 5 . The initial steadystate conditions of the FPTO test were not given. At the test start, the measured total pressure and gas temperature in the containment vessel had already been decreasing, and increased at 600 s because the steam injection started. In this analysis, therefore, a steady-state calculation was done first to estimate the initial condition in the same way as for the case of the benchmark analysis. The vessel atmosphere conditions before heating up were 95 mass% nitrogen and 5 mass% oxygen As shown in Fig. 12(a) , the predicted total pressure simulates the actual pressure change remarkably well, except for the peak point at around 14.4 x 103s. The reasons for the overestimate of the peak pressure are not clear at present, but the maximum discrepancy is less than 3.5%. The bulk temperature comparison is shown in Fig. 12(b) .
The maximum discrepancy between the prediction and the experiment is about 0.75'C, and is found in the time interval 600 to 3 . 3 6~ lo3 s. This suggests t,hat the boundary value of the dry condenser surface temperature might be set somewhat low. Figure 12 VII. CONCLUSION A two-dimensional, single-phase, multi-component , fluid flow code, TFLOW-FP, was developed t o predict the thermal-hydraulics in the PHEBUS containment vessel, and was applied t o the st,eady-state benchmark problems and the first in-pile transient test, FPTO. Since estimation of condensation heat transfer in the presence of noncondensable gases is a key element in the thermal-hydraulics prediction, a degradation factor correlation has been also developed and incorporated into the code. The degradation correlat,ion is a correction factor t o the pure steam condensat,ion heat transfer coefficient by the Nusselt theory and is applicable to laminar, gravity-cont,rolled, filmwise condensation over the entire range of noncondensable gas mass fractions with a laminar vapor-gas mixture flow. The TFLOW-FP code applied for analysis of the thermal-hydraulic benchmark tests and the first in-pile test, FPTO. The analysis results show that the code can predict t,he total pressure, gas temperature distributions, the relative humidity in the containment vessel and steam condensation rate on the surface of condenser rods very well. 
